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Transition metal ions doped into Ti02 can increase the quantum efficiency of the heterogeneous photooxidation 
of chlorinated  hydrocarbons.  In this regard, a single dopant  (vanadium) has been  selected for a detailed 
investigation  to  elucidate  the  mechanism  of  the  dopant  action  on  the  photoreactivity  of  Ti02.  Large 
polycrystalline  (1  -4  nm) Ti02 particles (50 pm) that show size quantization effects due to the individual 
crystallites are synthesized.  Doping (1 at. %) of the Ti02 crystals with vanadium reduces the photooxidation 
rates of 4-chlorophenol  (4-CP) compared  to the undoped  aggregates.  Under ambient conditions  (25 "C), 
vanadium  is found to be present primarily  on Ti02 surfaces as  >V02+ (-90%)  (">"  denotes a  suficial 
moiety) and secondarily as interstitial V4+ (-10%).  Sintering at higher temperatures (200-400  "C) results 
in  the  formation  of  surfkial  islands  of  V2O5  on  Ti02  while  sintering  at  600  and  800  "C  produces 
nonstoichiometric solid solutions of VxTil-*02.  Vanadium appears to reduce the photoreactivity of Ti02-25 
by promoting  charge-carrier recombination  with electron trapping at >  V02+ whereas V(1V)  impurities in 
suficial V205  islands on Ti02-200/400 promote charge-carrier recombination by hole trapping.  Substitutional 
V(IV) in the lattice of Ti02-600/800  appears to act primarily as a charge-carrier recombination center that 
shunts charge carriers away from the solid-solution  interface with a net reduction in photoreactivity.  The 
complexities  of  the physical  and electronic effects of vanadium  doping  are expected to be present in the 
mechanisms of other transition metal ions doped into Ti02. 
Introduction 
Transition  metal  ions  doped  into  Ti02  can  increase  the 
quantum efficiency of  the  heterogeneous photooxidation of 
chlorinated hydrocarbons.'P2  They are known to influence the 
charge-carrier recombination and interfacial charge-transfer rates 
of  photogenerated  Under normal conditions, un- 
doped Ti02 catalyzes the oxidation of chlorinated hydrocarbons 
in the presence of W radiation more than or equal to the band- 
gap energy of  3.2 eV or 385 nm according to the following 
~toichiometry:~-  l4 
C&Cl,  +  (x +  Y-z  q)O,  xx  CO2 +  z H+  +  z c1- + 
\"I 
However, for semiconductor particles in the size range of  1 -  10 
nm, band-gap energies larger than their bulk-phase counterparts 
are ob~erved.~~-~~  In this region, the size-quantized semicon- 
ductor exhibits a larger band-gap energy than its bulk-phase 
counterpart.  In general, a larger band-gap energy should result 
in larger thermodynamic driving forces and faster charge-carrier 
transfer rates in the normal Marcus region.21q22  However, faster 
charge-carrier recombination rates  tend  to  limit the  relative 
photoefficiencies  obtained  with  quantum-sized  ("Q')  Ti02 
photocatalysts.21.22 In  principle,  selectively  doped  Q-sized 
particles may minimize the recombination channel and thus yield 
higher quantum 
The photophysical mechanisms of  doped Ti02 are not well 
understood.  Key questions include the following:  (1) Are the 
transition metal ions located primarily on the surface or in the 
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lattice?  (2) Is the surficial binding of  substrates affected by 
doping?  (3) Do  transition metal  ions influence charge-pair 
recombination?  (4) Do altered interfacial transfer rate constants 
associated with surfkial transition metal ion complexes play a 
primary role in altered photochemical kineti~s?~,~,~~,~~ 
In order to address these questions, we have selected a single 
dopant (vanadium) for a detailed investigation to elucidate the 
mechanism of the dopant action on the photoreactivity of Ti02. 
Vanadium  was  chosen  for  its  reported  positive  effects  on 
photoreactivity1,2  as well as the large body of literature available 
on the the mechanism of thermal transformations catalyzed by 
V205 supported on Ti02.25 In this regard, we have characterized 
vanadium-doped and undoped Ti02 in both the Q-sized and 
bulk-sized domain with TEM, SEM, Raman, ICP-MS, and UV/ 
vis reflectance spectra.  We have investigated the photoeffects 
of the dopant on quantum efficiencies, EPR spectra, and time- 
resolved microwave conductivity (TRMC) decays.  Our working 
hypothesis is that the effects on quantum efficiencies due to 
size quantization and surface morphologies (i.e., heat treatment) 
can be  uncoupled from the  effects of  vanadium doping by 
comparing vanadium-doped Ti02 to undoped Ti02 prepared in 
an identical manner except for the doping. 
Experimental Section 
Preparation.  Vanadium-doped Ti02 was prepared in the 
size-quantized regime by standard coprecipitation  method^.^^^^,^^ 
A 5 mL (17.9 mmol) sample of titanium(IV) tetraisopropoxide 
(Aldrich, 97%) was added to 8 mL of  50% (vlv) HC104 at 0 
"C.  The preparation was  diluted to  100 mL with H2O  and 
evaporated (35 "C) using  a  Rotavapor (Model R110).  The 
resulting film  was dissolved in 200 mL of H20 and then dialyzed 
(SpectrdPor membrane, MW  cutoff 12 000-14  000) to pH 3.1. 
Following dialysis, the colloids were freeze-dried. Five fractions 
(300 mg each) of the collected white powder were heat-treated 
in quartz boats for 4  h at 25, 200, 400, 600, and 800 "C and 
labeled Ti02-25 through Ti02-800, respectively. 
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Vanadium-doped samples were prepared by including vc13 
(21.44 mM) in the HC104 solution.  After aging 1 week, a clear 
blue solution indicated preparation of  a V(IV) stock solution 
(21.44 pmol/mL).  The added volumes resulted in a nominal 
atomic doping level of 0.96%.  The powders obtained after heat 
treatment gradually darkened from light beige at 25 "C to brown 
at 800 "C (Figure 5). 
Characterization.  Details of  the TEM procedure and the 
TRMC experiment have been reported previously.21,22  Second- 
ary-electron images of gold-coated samples prepared on carbon 
tape were obtained with a Camscan Series 11  scanning electron 
microscope.  The X-ray images (Tracor Northern 5500  energy 
dispersive X-ray  analyzer) were used  for  automatic particle 
sizing.  Raman powder spectra were recorded on a Nicolet 800 
FT-IR  spectrometer equipped with a FT  Raman accessory. UV/ 
vis reflectance spectra were recorded on a Shimadzu UV-2101 
PC UV-vis  scanning spectrophotometer  equipped with an ISR- 
260  integrating sphere assembly.  Reflectance  spectra were 
referenced to BaS04. 
Vanadium concentrations were determined by analysis with 
ICP-MS  (Perkin  Elmer  Sciex  Elan  5000).  Samples  were 
prepared by  acid extraction in 10% (v/v) concentrated H2S04 
by stirring for 48 h followed by filtration through 0.45 pm nylon 
filters.  Base-extracted samples were prepared at pH  11 with 
NhOH  by stirring for 48 h during which time the pH did not 
change.  The samples were then centrifuged at 11  OOO rpm for 
30 min, and the supernatant was filtered through 0.45 pm filters. 
Fully dissolved samples were prepared by stirring in a 50% (VI 
v) HF (48%) solution.  The rutile samples were heated to 100 
"C for 1 h to achieve complete dissolution. 
An E-line Century X-band spectrometer (Varian, Palo Alto, 
CA) equipped with a V-4531 multipurpose cavity was used to 
record the first-derivative EPR spectra at 77 K.  CuSO4 was 
used as a calibration standard.  In situ illumination was carried 
out at 20 min intervals with an 450 W Hg arc lamp (Oriel Corp.), 
and wavelengths were selected (310  < I  < 380 nm) with a 
Kopp 7-60-1 band-pass filter, a  10 cm  water filter, and two 
infrared filters (Oriel Corp.) in-line. 
Photoreactivity Studies. Reagent grade 4-chlorophenol, 1,4- 
benzoquinone, and hydroquinone were obtained from Aldrich. 
Aqueous slurries (22 mL) of Ti02 (1.0 g/L)  and 4-chlorophenol 
(150 pM) were prepared.  Irradiations were performed with a 
1000 W Xe arc lamp (Oriel Corp.).  The infrared component 
of  the  incident light  was removed by  a  10 cm water filter. 
Wavelengths were selected with an interference filter (Oriel No. 
59620, A = 324 & 5 nm  fwhm).  The chemical actinometer 
Aberchrome  540  ((E)-a-(2,5-dimethyl-3-furyl)ethylidene)-3- 
isopropylidenesuccinic anhydride) was used to determine the 
incident light intensity, which was found to be 200 pM  min-1.26 
The  aqueous slurries were  stirred and  bubbled  with  humid 
oxygen  (10 mL  min-')  for  60 min  prior to  and  during the 
irradiation.  At  60  min  intervals,  samples  (100  pL) were 
extracted through 0.45 pm Nalgene nylon filters (Part No. 176- 
0045) for analysis by  HPLC (Hewlett Packard Series 11  1090 
liquid  chromatograph).  Compounds  were  separated  on  a 
reverse-phase column (Hewlett-Packard 5 pm ODS Hypersil) 
using a gradient elution program (100%  H3P04 buffer (pH 3.0) 
to 80:20 H3P04:CH3CN).  Diode array detection at 224 and 280 
nm was used for quantification. 
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Results 
Photoreactivity.  The disappearance of 4-chlorophenol (CP) 
and the appearance of hydroquinone (HQ) and 1  ,4-benzoquinone 
(BQ) in an illuminated Ti02 slurry are shown as a function of 
irradiation time in Figure 1.  Little degradation takes place in 
the absence of TiO2, which indicates that direct photolysis is a 
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Figure 1.  (a) Disappearance of 4-chlorophenol (0)  and the appearance 
of  hydroquinone (0)  and benzoquinone (0)  as a function of  irradiation 
time in the presence of  undoped Ti02 calcined at 400 "C.  (b) No light. 
(c) No Ti02 (I = 200 pM min-', pH =  3.9, 02 saturated, [Ti021 = 1.0 
g/L,  R = 324 f  5 nm). 
TABLE 1:  Quantum Efficiencies for the Degradation of 
4-Chlorophenol (Irradiation Conditions Reported in Figure 
1) 
quantum efficiency (a) 
calcination temp ("C)  Ti02  1% V-doped Ti02  crystal size (nm) 
25  0.09  0.04  1-4 
200  0.14  0.04  2-6 
400  0.23  0.05  4-17 
600  0.11  0.00  n/a 
800  0.03  0.00  n/a 
TABLE 2:  Intermediates Formed during the 
Photodegradation of 4-Chlorophenol in the Presence of Ti02 
(HQ = Hydroquinone, BQ = 1,4-Benzoquinone, and CC = 
4-Chlorocatechol) 
max concn @M) of intermediates formed 
Ti02  1  % V-doped TiOz 
calcination temp ("C)  HQ  BQ  CC  HQ  BQ  CC 
25  1.5  4.0  0.0  2.5  0.0  0.0 
200  2.0  8.0  0.0  3.0  0.0  0.0 
400  9.0  3.0  0.0  4.0  0.0  0.0 
600  7.0  0.0  0.6  0.0  0.0  0.0 
800  3.0  0.0  0.2  0.0  0.0  0.0 
minor degradation pathway.  Furthermore, no degradation occurs 
in the absence of  light when Ti02 is present.  The apparent 
increase in concentration (Figure 1, line b) is due to a reduction 
in volume by evaporation. 
The quantum efficiency is defined as 
d[CP]/dt  a=- 
Iincident 
where d[CP]/dt is the rate of disappearance of 4-CP and zhcident 
is the incident light intensity determined by  chemical actinom- 
etry.  The relative effects of vanadium doping and heat treatment 
on the observed quantum efficiencies for the photooxidation of 
4-chlorophenol on Ti02 are given in Table 1.  The undoped 
Ti02 yields higher quantum efficiencies than the vanadium- 
doped counterparts.  The drop in the quantum efficiency above 
400 "C accompanies the phase transformation from anatase to 
rutile (Table 3).  Undoped Ti02-600, a mixture of  anatase and 
rutile (Table 3), exhibits a higher photoreactivity than rutile 
Ti02-800. 
The dependence of the intermediate formed and its maximum 
concentration as a function of  the catalyst used are shown in 
Table 2.  Although BQ and HQ readily interconvert via the 
HQ-OBQ-HzO  couple  (E" = +0.530),  we  avoided this 
possible interference by  the rapid and uniform analysis of  the 
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Figure 2.  Transmission electron micrographs of vanadium-doped Ti02 calcined at 25 "C (a, top left, and b, top right) and  800 "C (c, bottom). 
Structure.  The transmission electron micrographs (TEM) 
of  vanadium-doped  Ti02-25/800  are  shown  in  Figure  2. 
Representative microcrystalline particles of TiO2-25, which are 
circled for clarity (Figure 2a), have crystallite sizes under 5 nm. 13698  J. Phys. Chem., Vol. 98, No. 51, 1994  Martin et al. 
TABLE 3:  Physical Characterization of  Ti02  Particles 
crystal size (nm)  particle size (um) 
calcination temp, "C  lattice doping  mass loss (%)  min  max  phase  reflectivity onset? (nm)  mean  CT  %Nb 
25 
200 
400 
600 
800 
25 
200 
400 
600 
800 
none 
none 
none 
none 
none 
1%  v 
1%  v 
1%  v 
1%  v 
1%  v 
0 
14 
20 
22 
23 
0 
14 
19 
21 
23 
1.0 f  0.5 
2.0 f  0.5 
4.0 f  0.5 
2.5 f  1.0 
18f2 
26 f  2 
1.0 f  0.5 
2.0 f  0.5 
3.0 f  0.5 
14f  1 
85 f  3 
4.0 f  0.5 
6.0 f  0.5 
17.0 f  0.5 
11.0 f  1.0 
200f2 
268 f  2 
3.0 f  0.5 
4.0 f  0.5 
22.0 f  0.5 
155 f  1 
374 f  3 
anatasec 
anatase 
anatase 
anatased 
rutiled 
rutile 
anatase 
anatase 
anatase 
rutile 
rutile 
382 
387 
397 
412 
412 
nla 
nla 
nla 
n/a 
nla 
58  19  31 
43  15  35 
46  18  31 
45  17  36 
nla  nla  nla 
46  10  35 
42  13  51 
47  16  56 
50  17  60 
43  11  64 
&,,.  =  2%~  = O.S(ZR--%R~).  % N = (NA>SOO  rm2/Ntotal) x  100. ED analysis shows no amorphous phase.  Bimodal distribution. 
1  % V-doped Anatase Ti02  (1  -3 nm) 
Figure  3.  Electron  diffraction  pattems  of  vanadium-doped  Ti02 
calcined at 25 "C. 
Analysis of a wider field of view indicates that the particle size 
distribution  falls  into  the  range  1-4  nm  (Table  3).  The 
agglomeration of the crystals into porous particles is shown in 
Figure 2b,c.  In these images, the parent particles obtained upon 
direct synthesis are reduced  in  size by  grinding in  order to 
facilitate TEM analysis.  The twinning that is apparent in the 
Ti&-800  samples  (Figure  2c)  suggests  a  sintering  growth 
mechanism. 
The electron diffkaction pattern of TiO2-25 is shown in Figure 
3.  The Miller indices for TiO2-25 are derived from the d spacing 
for anatase2' and the reflection rules for D4h  symmetry.28 The 
transition from broad bands  (Figure 3) to distinct spots (not 
shown) is seen as the crystal size grows from 1-3  to 100-400 
nm (Table 3).  The ED pattern of  the quantum-sized crystals 
(Figure 3) shows Schemer line broadening attributed to ultra- 
small   crystallite^.^^  The absence of  diffuse bands  normally 
present in an amorphous substance indicates that the nanometer- 
sized particles are crystalline.  In general, no differences are 
observed  between  the  TEM  images  and  ED  patterns  of 
vanadium-doped and undoped Ti02. 
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Figure 4.  W/vis reflection spectra of  undoped Ti02 calcined at 25 
(O),  200 (a), 400 (O),  600  (V),  and 800  "C (A). 
The  particle  size  distribution  as  determined  from  X-ray 
images is reported in Table 3.  Agglomeration of the polycrys- 
talline particles does not appear to occur during heat treatment 
of  the undoped particles (Table 3). 
No difference is observed  between  the Raman spectra of 
doped and undoped Ti02 (data not shown).  Bands at 678,519, 
and 403 cm-'  for Ti02-25/200/400 match anatase stret~hes.~~.~' 
TiO2-600 and TiO2-800 have Raman bands centered at 606 and 
446 cm-',  which agree with the bands observed for rutile.30*31 
The UV/vis diffuse reflectance spectra of undoped Ti02 are 
shown in Figure 4.  The wavelength of 50% reflectivity is red- 
shifted by 6 and 14 nm as Ti02-25 is calcined at 200 and 400 
OC, respectively.  The crystallite size (Table 3) grows during 
the heat treatment, and the red shifts correspond to a decrease 
in the band-gap energy during the transition from Q-sized to 
bulk-sized  particles.32  The further red  shift induced by  heat 
treatment at 600 "C  corresponds to the rutile phase transition. 
The UV/vis diffuse reflectance spectra of vanadium-doped Ti02 
are shown in Figure 5. The band gap of Ti02 (A  < 400 nm) is 
obscured by a trailing absorption region. 
The physical characterization of the samples is summarized 
in  Table 3.  Total mass  appears  to  be  lost  with  increasing 
calcination temperatures.  The crystal transition from anatase 
to  rutile  starts  at  600 "C  for  the  undoped  Ti02 while  the 
vanadium-doped Ti02 shows a similar transition at much lower 
temperatures.  Vanadium has been shown to catalyze the phase 
transformation from anatase to rutile  with  the  evolution of 
oxygen to form a solid solution VxTil-x02.33*34  Although the 
apparent crystal sizes increase with calcination temperature, the 
sizes (radius) and dispersities (a)  of the agglomerated particles 
do not show a similar trend for undoped Ti02 samples.  The 
vanadium-doped Ti02 samples appear to follow a general trend 
to increased size (% N).  The % N  column shows the number 
percentage of  Ti02 particles that have  a cross-sectional area 
greater than 500 pm2. Vanadium-Doped Ti02 Particles 
2,8 
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Figure 5.  UV/vis reflection spectra of vanadium-doped Ti02 calcined 
at 25 (o),  200 (O),  400 (o),  600 (V), and 800 "C (A). 
TABLE 4:  Vanadium Speciation in Doped Ti02 
calcination 
temp ("C)  acid extraction  base extraction  complete dissolution 
vanadium concn (at. % of vanadium released) 
25  0.16  0.08  0.43 
200  0.26  0.10  0.39 
400  0.32  0.23  0.39 
600  0.11  0.09  0.47 
800  0.07  0.04  0.43 
Surface Chemistry.  The results of  the chemical analyses 
of  the  vanadium-doped Ti02 are  shown  in  Table  4.  Base 
extraction of vanadium is a common approach to determine the 
chemical speciation of vanadium on Ti02.35-37 In addition, we 
characterized the  vanadium  based  upon  an  acid-extractable 
portion.  The two extractions show maxima in samples calcined 
at 400 "C.  No vanadium is found in the supernatant at pH 4. 
The greater portion of vanadium extracted under acidic condi- 
tions  may  be  due  to  the  partial  dissolution of  TiO2.  This 
explanation is suggested by  the ICP-MS detection of titanium 
in the acid-extracted sample but not in the base-extracted sample. 
Though the nominal doping level is 1%, the complete dissolution 
of  the samples indicates a vanadium concentration of  -0.4%. 
Vanadium may have been lost during dialysis of  the colloid. 
The base extraction of vanadium-doped Ti0~-25/200/400  bleaches 
the chromophore to yield a white slurry. 
Electron Paramagnetic Resonance.  The EPR spectra of 
vanadium-doped Ti02 are shown in Figure 6.  The assignment 
of  anisotropic g factors and hyperfine splitting constants for 
Ti02-800 is  shown in  Figure 6a.  The distinct EPR  spectra 
observed for the groups Ti02-25, Ti02-200/400, and Ti02-6001 
800 are shown in Figure 6b.  The EPR parameters and signal 
intensities of TiO2-25-800 are reported in Table 5. Based upon 
the  signal strength of  the CuSO4 standard, a  1% vanadium- 
doping level results in I -  lo3  if  all vanadium is in the EPR 
active state, which is believed to be exclusively V(IV).35 The 
signal strengths indicate the vanadium is speciated as -10% 
V(IV) for Ti02-25,  -1%  for Ti02-200/400, and  -100%  for 
Ti02-600/800.  Our EPR interpretation should be considered a 
qualitative  guide  to  vanadium  speciation  because  accurate 
quantification requires knowledge of the transition probabilities 
of  the  copper  standard  and  the  vanadium  in  its  different 
electronic  environments  as  well  as  compensation  for  the 
variations in line widths. 
The literature values of EPR parameters are reported in Table 
6.  The g factors and hyperfine splitting constants of  Ti02-25 
have been assigned previously (Table 5) as interstitial V(IV) in 
anata~e.~<~*  The EPR spectra of Ti02-200/400 exhibit a broad 
signal  attributable  to  V(1V)  in  V205.34+39  In  addition,  the 
spectrum of Ti02-200 shows an additional species of V(IV) that 
exhibits hyperfine structure whereas the spectrum of Ti02-400 
shows two additional speciations of V(1V).  The second signal 
g,  = 1.899, A = 51 G  -1 
3.8  I"'!"I  9,  = 1.906, A I  31 
3- 
- 
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o~"'"''"'~'"""'~''~ 
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Figure 6.  EPR  spectra recorded at 77 K of vanadium-doped TiOz. (a) 
g  factor and hyperfine splitting constant assignments for sample heat- 
treated at 800 "C.  @) Effect of calcination temperature at 25 (0),  200 
(O),  400 (o),  600  (V), and 800  "C (A).  The signal intensities are shown 
as I = (gain)-'  x  104. 
TABLE 5:  g Values and Hyperfiie Splitting Constants (A) 
Derived for Vanadium-Doped Ti02 Spectra (Cf. Figure 6) 
calcination 
temp ("C)  gl  gz  g3  A1  A2  A3  signalintensity 
25  1.922  1.956  182  55  40 
200  1.923  1.967  1.940  159  54  44  4 
400  1.923  1.967  1.940  159  54  44  8 
600  1.941  1.906  1.899  152  31  51  625 
800  1.941  1.906  1.899  152  31  51  770 
TABLE 6:  g Values and Hyperfiie Splitting Constants (A) 
Reported for Various Paramagnetic Species 
~z  ~x  ~v  Az  Ax  Av  assignment  ref 
1.880 
1.911 
1.923 
1.932 
1.940 
1.956 
1.956 
1.957 
1.988 
2.007 
2.021 
1.925 
1.983 
1.986 
1.960 
1.986 
1.914 
1.913 
1.988 
1.892 
2.014 
2.009 
154  55 
168  62 
175  53 
1.993  123  49  64 
1.912  156  35  49 
1.915  153  48  35 
2.024 
2.001 
Ti(III)sd  aq colloid 
V(IV) in V205 
V(IV) in VZOS 
V(IV)inter  anatase 
V(IV)bter  rutile 
v(1v)sub rutile 
v(IV)s$,  rutile 
Ti(III)inwr  aq colloid 
Ti(III), 
trapped hole in Ti02 
02'-  on anatase 
3 
63 
64 
3 
64 
3 
64 
66 
3 
65 
67 
of Ti02-200 also appears in Ti02-400, and the orthorhombic g 
factors are reported in Table 5. The g factors for the third signal 
apparent in Ti02-400  are not reported due to the low signal 
intensity and difficulties in deconvulting the third signal from 
the second.  Although we do not have sufficient information to 
assign the additional signals present in Ti02-200/400, V(1V) is 
present at a level of -1%  based upon the signal intensity, and 13700  J. Phys. Chem., Vol. 98, No. 51, 1994  Martin et al. 
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Figure 7.  EPR  difference spectra due to CW irradiation of vanadium- 
doped Ti02 calcined at 25 (0),  400 (O),  and 800 "C (A) (77 K, 450 W 
Hg lamp, 310  < I, < 380 nm using 7-60-1 Kopp band-pass filter). 
hence, the majority of vanadium is present as V(V).  The EPR 
parameters of Ti02-600/800 match those of substitutional V(IV) 
in rutile. 
The effects of  irradiation of  the vanadium-doped Ti02 on 
the EPR spectra are shown in Figure 7.  The difference spectra 
are the result of  the subtraction of  the dark spectra from the 
irradiated spectra.  Although no change is observed for TiOz- 
800, new EPR absorptions are apparent for Ti02-25 and TiOz- 
400.  The changes in the spectrum of Ti02-25 show no loss of 
original  signal  and  the  appearance  of  a  new  signal  with 
vanadium hyperfine splitting. The original signal did not return 
after storage in the dark.  The weak signal intensity due to the 
irradiation of  only  a  small portion  of  the  sample precludes 
assignment of  g factors.  The changes in the spectra of TiOz- 
400 are due to the partial loss of one vanadium absorption and 
the appearance of an absorption exhibiting no hyperfine splitting. 
The original spectrum is recovered upon storage of the sample 
in the dark.  The g factors of  superoxide (2.002), interstitial 
anatase Ti(1II) (g, = 1.988, g, = 1.957), and Ti(III)(H20)6 (g, 
= 1.988) are  shown  and  appear  to  be  present in  the  EPR 
spectrum of  Ti02-400.  These systems are not degassed, and 
no hole scavengers are added. 
Time-Resolved  Microwave  Conductivity.  The  TRMC 
transients of vanadium-doped Ti02 are shown in Figure 8. Due 
to the weak signal of  the vanadium-doped TiOz, a laser pulse 
energy of  38 mJ is used  instead of  4.5 mJ typically used for 
undoped Ti02.21,22  The initial signal decays on the millisecond 
time scale in all cases.  The decay of  Ti02-25 is successfully 
fit with a single-exponential decay (I =  0.50 f  0.01 mV, k = 
0.052 f  0.001 ms-')  whereas Ti02-400 (I1 =  0.31 f  0.02 mV, 
kl =  0.07 f  0.01 ms-',  I2 = 0.18 f  0.02 mV, k2 = 1.4 f  0.4 
ms-l)  and Ti02-800 (I1 = 1.03 f  0.01 mV, kl =  0.094 f  0.002 
ms-',  I2 = 0.42 f  0.03 mV, k2 = 3.7 f  0.4 ms-')  are fit to a 
double-exponential decay. 
Discussion 
Structure of the Photocatalyst.  The Q-sized Ti02 particles 
are composed of  1-4  nm crystallites agglomerated into 50 pm 
particles (Figure 2 and Table 3).  Q-sized crystallites increase 
in size from 1 to 500 nm due to sintering during heat treatment. 
The  macroparticles  have  nanometer-sized  porous  channels 
(Figure 2c) which  lead  to high  reactive surface areas.  The 
bleaching of  vanadium chromophores by  base extraction sug- 
gests that the entire reactive surface is chemically available. 
The  ready  accessibility of  the  internal  surface area  implies 
limited  surficial  contact  among  the  crystals.  Thus,  each 
crystallite can be considered to be electronically isolated.  The 
isolated nature of the crystallites is shown by the observed size- 
quantization effect (Figure 4) in which the onset of absorption 
(Le., band  gap) correlates with the crystallite size (Table 3). 
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Figure 8.  Time-resolved microwave conductivity of vanadium-doped 
Ti02 calcined at  25 (0),  400 (O), and 800 "C (A). 
Comparison of  the g factors and the signal intensities from 
the EPR measurements of  Ti02-25 (Tables 5 and 6) indicates 
that -10%  of  the vanadium is present as interstitial V(IV) in 
the Ti02 lattice.  The remaining vanadium may be present on 
the surface as V(V) (i.e., V02+) through the formation of surface 
structures not susceptible to EPR detection:25 
.*.I 
The low signal intensities and the broad EPR signals at g = 
1.975 (Figure 6) of Ti02-200/400 indicate that the vanadium is 
speciated as low levels of V(IV) impurities in V205.34,39  Some 
V(IV) may also be present in the lattice or on the surface and 
may give rise to the fine structure shown in Figure 6; however, 
the low signal intensity suggests that 99% of  the vanadium is 
present as V205.  The V205 is believed to be present as vanadia 
islands  on  the  Ti02  surface because  a  monolayer coverage 
requires at least 1 at. % vanadium loading.40 The g factors and 
the signal intensities of TiO2-600/800 show that most vanadium 
is present as substitutional V(1V) in the rutile modifications in 
the form of  a solid solution with a nonstoichiometric formula 
of V,Ti1-,02.37*41,42  The stabilizing effect of vanadium in the 
rutile latti~e~~.~~,~~  is shown by the complete transformation of 
vanadium-doped Ti02 to rutile by  heat treatment at 600  "C 
(Table 3) whereas only partial conversion is obtained for the 
undoped sample treated in an identical manner.  Based upon 
the EPR measurements, vanadium appears to be fractionated 
as interstitial sites in Ti02-25 (-10%  of  the total vanadium), 
as surficial V205 (-99%)  and an unidentified location in TiOz- 
200/400, and as substitutional V(1V) (-100%)  in Ti02-600/ Vanadium-Doped Ti02 Particles 
800.  The effects of  base  extraction (vide infra) suggest the 
missing vanadium (-90%)  in Ti02-25 is present as  >V02+, 
which would not be susceptible to EPR detection. 
The resultant oxidation states of  vanadium in Ti02 may be 
explained by the following overall redox and thermal reactions 
starting with the precursor vc13 (V(V) = V02+ and V(IV) = 
2V(III) (green) + '/,02 +  H,O -  2V02+(blue) +  2H+ 
2V02+(blue) + 1/202  +  H20 -  2V02+(yellow)  +  2H+ 
2VO:  +  H,O -  V20, +  2H+ 
vo2+)  :43 
E"  = +0.89 V  (3) 
E"  =  +0.229 V  (4) 
AGO  = -  10.5 kJ/mol 
(5) 
(6)  V,O,  +  heat -  V204  + 1/202 
vc13 is transformed into V02+ (eq 3) prior to addition of  the 
titanium alkoxide.  During the synthesis, a portion of the V02+ 
undergoes further oxidation to V02+ (eq 4) to form surface 
complexes.  The remaining V02+  diffuses into the anatase lattice 
as interstitial V(1V).  Upon firing at 200-400  "C, at least 90% 
(based upon  EPR  signal  strengths) of  the  interstitial V(IV) 
migrates to the surface and is oxidized by  02  (eq 4) to yield 
V2O5  islands (eq 5) on the surface.  Heat treatment at 600- 
800 "C causes the decomposition of the V205 islands and the 
evolution  of  02  (eq  6).  The  V(1V)  product,  V2O4,  then 
redissolves into the rutile latti~e.~~,~ 
The chemical nature of  the surficial groups is indicated by 
the bleaching of the vanadium chromophores with base extrac- 
tion,  which  selectively dissolves away  surficial vanadium.39 
Base-extractable vanadium in samples prepared by the copre- 
cipitation method is in the  +5  oxidation state and is due to 
weakly interacting surficial species such as V205 or >V02+.36,37 
The maxima in  acid and  base  extractions for Ti02-200/400 
(Table 4)  agree with the minima observed in the EPR measure- 
ments  (Table  5)  and  support  the  conclusion  that  weakly 
interacting surficial V205 islands are present.  No chromophoric 
bleaching of  Ti02-600/800 occurs.  This result suggests that 
much of the vanadium is not extractable and is consistent with 
a solid solution of  VxTil-x02. 
Mechanism of Photocatalysis. In the absence of vanadium, 
we have proposed the following mechanism for photochemical 
catalysis  on Ti02 based  on laser  flash  photolysis measure- 
ments:  ,22 
charge-carrier generation 
TiO, +  hv -  e- +  h+  (fs)  (7) 
h+ + >OH -  >OH'+  fast (10 ns)  (8) 
charge-carrier trapping 
e- +  Ti(1V) -  Ti(II1)  dynamic equilibrium (100 ps)  (9) 
charge-carrier recombination 
e- + >OR+ -  TiO,  slow (100 ns)  (10) 
h+ +  Ti(II1) -  TiO,  fast (10 ns)  (11) 
interfacial charge transfer 
>OK+  +  Red -  TiO, +  Red" 
e- +  Ox -  TiO, +  Ox'- 
slow (100 ns)  (12) 
(13) 
We  assume that the  substrate does not  undergo direct hole 
transfer. 
very slow (ms) 
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Using this mechanism, the quantum efficiency of  a charge 
pair generated by an incident photon (eq 7) toward the oxidation 
of  a substrate (eq 12) is given by 
where the light intensity, I, is a constant flux.  During continuous 
illumination, [h+], [e-], [Ti(IU)], [>OH'+], [Red], and [Ox] may 
be considered constant because changes due to the mineraliza- 
tion of  [Red] occur much more slowly (minutes) than the time 
period of the transition from transient conditions to steady-state 
conditions (milliseconds). 
Under perturbations such as enhanced charge-carrier trapping 
(eqs 8 and 9) or recombination (eqs  10 and  11) that may  be 
introduced by vanadium dopants, k12, [Red], and I are constant. 
However, [>OH'+] is a function of  charge-carrier dynamics 
through the rates of eqs 8, 10, and 12.  These rates in turn affect 
[h+] and [e-],  which depend on the rates of  eqs 7, 8, and  11 
and 7, 9, 10, and 13, respectively. 
Although the interdependencies preclude an analytical solu- 
tion, several of  the equations may be uncoupled because they 
describe processes occurring with different characteristic times. 
In  this  case,  the qualitative behavior of  the  system can  be 
deduced.  For instance, the photogenerated hole of eq 7, which 
results in substrate (Red) oxidation (eq 12), must first survive 
an initial branching event (eqs 8 and 11, z x 10 ns) before it is 
sequestered as a surficial hydroxyl group (eq 8).  The trapped 
hole  (i.e.,  >TiOH'+),  then  undergoes  a  second  branching 
sequence  (eqs  10  and  12,  z * 100 ns),  resulting  in  the 
elimination  of  the  hole  from  the  particle.  The  quantum 
efficiencies of  the initial branching event are 
The product of eq 8 is >OH'+,  which is the source term for the 
second competition (eqs  10 and  12), for which the quantum 
efficiencies are 
412 is given in eq 14. 
interfacial charge transfer at the same rate: 
Under steady-state conditions, electrons and holes undergo 
An increase of k8  would yield an increase of 48  (eq 15) from 
which increases of [>OH'+] and 412 follow.  In addition to these 
processes that are favorable with respect to increased rates of 
substrate oxidation, a feedback cycle from a decrease of  411 
due  to  an  increase  of  48  (eq  17) is  also  operative.  The 
consequent increases of  [Ti(III)] (eq 11) and  [e-]  (backward 
reaction of eq 9) and decreases of [>OH'+] (eq 10) and 412 (eq 
12)  are  considered  secondary  in  this  analysis.  (Iterative 
computer calculations of  these equations are hindered by  the 
lack of  accurate numbers for many  of  the concentrations and 
rate constants.)  By a similar analysis, we conclude that increases 13702  J. Phys. Chem., Vol. 98, No. 51, 1994 
of  412 correlate with increases of  $18  (eq 15) or 413 (eqs 20 and 
21) and decreases of  410 (eqs 18 and 19) or 411 (eqs 16 and 
17). 
The net effects of vanadium doping on photoreactivity include 
the following processes:  (1) mediation of  interfacial charge 
transfer by surficial complexes as follows 
(a)  +  h+ + >VOX -  >VOX 
followed by  >VO;  +  Red -  >VOX  +  Red'  (22) 
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or 
(b)  e- + >VOX -  >VOX- 
followed by  >VOX- +  Ox -  >VOX  +  Ox-  (23) 
(2) changes in the surficial concentrations of the reactants and, 
hence, the rates of eqs 12 and 13  by the binding of the substrate 
to surficial vanadium complexes; and (3) mediation of charge- 
carrier recombination by surficial or bulk dopants 
V(x) +  e- -  V(x -  1) 
followed by  V(x -  1) +  h+ -  TiO, 
or  V(x -  1) + >OH'+ -  TiO,  (24) 
V(x)  +  h+ -  V(x + 1) 
followed by  V(x + 1) +  e- -  TiO,  (25) 
Based upon our present results, (2) would not appear to play a 
major role in the solid solutions of VxTil-x02  obtained for TiOz- 
600/800. 
The effects of light on the EPR signals (Figure 7) and TRMC 
experiments (Figure 8) provide further insight into the pos- 
sibilities of the various mechanisms. The change of EPR signal 
of Ti02-400 due to irradiation results in the loss of the V(IV) 
signal and the appearance of discrete signals assignable to 02-, 
interstitial Ti(III)matase,  and Ti(IH)(H20)6.  These changes are 
consistent with the following sequence: 
hole trapping:  V(1V) +  h+ -  V(V)  (26) 
electron trapping:  Ti(1V) +  e- -  Ti(II1)  (27) 
oxygen reduction:  0, -t-  e- -  0,-  (28) 
photodissolution:  Ti(1V) +  e- -  Ti(III)(H,0)6  (29) 
The apparent reversibility of the photoeffect on the EPR signal 
of  Ti02-400  is  consistent with  charge-carrier recombination 
processes (eqs 26-28).  The observed reversibility in conjunc- 
tion with the resistance of Ti02 to photocorrosion would appear 
to  rule out photodissolution (eq 29) as a major pathway.  In 
this case, the signal at 1.988 is assigned exclusively to interstitial 
Ti(II1)  anatase  formed  by  electron  trapping  (eq  27).  The 
formation of reduced species suggests the vanadium acts as a 
hole trap (eq 26) in Ti02-400.  The possibility that the hole 
traps may be V(1V) impurities in surficial V205 islands would 
suggest the formation of >OH'+  would not occur (eq 8). Thus, 
even though hole trapping may  reduce a channel for charge- 
carrier recombination (eq lo), the overall photoreactivity may 
be reduced if  >OH'+ radical does not form because interfacial 
charge transfer (eq 12) may  not take place.  In this case, the 
fate of trapped hole is recombination mediated by the vanadium 
dopant (eq 25). 
Upon ihmination of Tio2-25, a new V(Iv) signal appears 
in the EPR spectrum (Figure 7).  The overall hyperfine signature 
of  vanadium is apparent, though the tensor assignment is not 
possible due to the weakness of  the signal.  The irreversible 
nature of the photoeffect upon storage in the dark suggests that 
a permanent chemical change due to interfacial charge transfer 
occurs  because  charge-carrier  trapping  is  expected  to  be 
reversible.  The apparent reduction of  >V(V)O, is consistent 
with  the  photoeffects on  the  EPR  spectrum, the  dark  EPR 
spectrum (Figure 6), and the effects of  base extraction: 
>VOO (V) +  e- +  H+ -  >VOOH(IV)  (30) 
Thus, hole trapping via eq 26 appears to be absent in Ti02-25. 
Ti02-800 does not exhibit a photoeffect on the EPR spectra 
(Figure 7).  Griitzel et aL3 report a similar result under ambient 
conditions; however, the authors further report that the EPR 
signal intensity decreases upon irradiation in the absence of  02. 
In fact, the presence of  either 02  or H2  prevents the loss of 
signal upon irradiation, and the authors propose the following 
processes in addition to hole trapping (eq 26): 
electron trapping:  V(1V) +  e- -  V(1II)  (31) 
recombination:  V(II1) +  V(V) -  2V(IV)  (32) 
Charge  carriers may  undergo  interfacial  charge  transfer to 
oxygen and hydrogen (eqs 12 and 13), which prevents recom- 
bination (eq 32) and reduces the the EPR signal due to V(1V). 
Vanadium located at substitutional sites in the rutile lattice thus 
acts principally to promote charge-carrier recombination. 
The TRMC measurements of  undoped Ti02 yield a relative 
lifetime for Ti(III).21,22  Although hole trapping and electron 
trapping at V(IV) in the Ti02 lattice result in V(V) and V(1II) 
species, respectively, these traps are believed to be  deep45,46 
and thus not susceptible to detection by  TRMC.  The 8-fold 
reduction of  the TRMC signal of  the vanadium-doped Ti02 
relative to the undoped Ti02 suggests that vanadium dopants 
may facilitate nanosecond charge-carrier recombination (eqs 24 
and 25), trap charge carriers (eqs 26 and 31), or reduce charge- 
carrier mobility.  A decrease in charge-carrier mobility reduces 
the conductivity while nanosecond charge-carrier recombination 
reduces the initial conductivity.  In  addition to reducing the 
initial  conductivity,  trapping  also  affects  the  time-resolved 
charge-carrier recombination.  The independence of  the con- 
ductivity with respect to the surficial content of the vanadium 
and the magnitude of  the effect suggest a reduction in carrier 
mobility is an insufficient explanation for the reduced conduc- 
tivity.  An  explanation that enhanced charge-carrier recombina- 
tion alone results in the reduced conductivity would also appear 
to be insufficient because an 8-fold increase in charge-carrier 
recombination is  not  consistent  with  the  2-5-fold  drop  in 
quantum efficiency relative to undoped Ti02-25/200/400 (Table 
1).  However, this explanation may be valid for Ti02-600/800, 
which shows no photoreactivity. To explain the reduced signal 
strengths of  Ti02-25/400, we  suggest charge-carrier trapping 
also  takes  place.  Furthermore,  the  necessity  of  double- 
exponential fits to reproduce the TRMC conductivity decays 
suggests charge-carrier trapping because single-exponential  fits 
are sufficient for the decays of undoped TiOz.  We thus propose 
direct evidence that electron trapping at V(x) (eq 24) competes 
with trapping at Ti(1V) (eq 9). 
Activity  of  the  Photocatalyst.  The  effect  of  vanadium 
doping on the photoreactivity of Ti02 is evaluated by studying 
the photooxidation of  4-CP.47-53 The principal intermediates 
and reaction stoichiometry are Vanadium-Doped Ti02 Particles  J. Phys. Chem., Vol. 98, No. 51, 1994  13703 
seems to be explained by the enhanced charge-carrier recom- 
bination mediated by the vanadium dopant as observed by EPR 
and TRMC. 
Vanadium-doped Ti02 has previously been reported to result 
in higher quantum efficiencies than its undoped counterpart.2 
In  order to investigate the discrepancy between those results 
and our present findings (Table I), we carried out photooxidation 
experiments on  4-CP  (150 pM)  at  pH  2.7  using  the  same 
transparent colloidal particles used in our previous study, in 
which  we  measured the  photodechlorination rate  of  3  mM 
HCC13 at pH 2.7.  We find quantum efficiencies of 0.60% and 
0.27% for the vanadium-doped and undoped Ti02, respectively, 
toward photodechlorination of 4-CP.  The ratio of the quantum 
efficiencies obtained with vanadium-doped and undoped trans- 
parent colloidal Ti02 is 2.2 for the photodechlorination reaction 
of 4-CP whereas the ratio is 0.44 (Table 1) in a slurry suspension 
of  Ti02-25.  These results seem to preclude the possibility of 
substrate-specific activity and suggest differences in the pho- 
tocatalysts.  The preparation methods of the transparent colloidal 
Ti02 and the agglomerated Ti02 particles differ in the final 
drying stage.  The former is prepared by rotary evaporation and 
quickly redisperses to form a transparent aqueous colloid while 
the  latter  undergoes  freeze-drying  and  forms  slurries  upon 
resuspension.  The photoreactivity of  the powders appears to 
be substantially altered by the preparation procedures that may 
result  in  differences in  the  formation  of  surface defects  or 
vanadium speciation. 
Conclusions 
Large polycrystalline Ti02 particles (50 pm) that exhibit size- 
quantization  effects  due  to  the  individual  crystallites  are 
synthesized. In a slurry suspensions, these particles scatter light 
and are easily filtered.  For use with a fixed-bed reactor, the 
particles  could  be  readily  immobilized by  adhesives.  The 
physical  cohesion  of  the  crystallites to  form  a  nanoporous 
agglomerated particle that exhibits electronic isolation of  the 
crystallites and the ready chemical availability of  the reactive 
surface may  contribute to  the  understanding of  nanoporous 
ele~trodes.~'-~l 
Vanadium  doping  of  the  crystals  is  found  to  reduce  the 
photooxidation rates of 4-CP relative to undoped TiO2.  Vana- 
dium is present on Ti02-25 primarily as >V02+ (-90%)  and 
secondarily as  interstitial  V4+ (-10%).  The  deposition  of 
vanadium as surficial islands of V205 occurs on Ti02-200/400. 
A small fraction of the total vanadium (-1%)  in Ti02-200/400 
is also present as V(1V).  Vanadium dopants in Ti02-600/800 
are  found  to  be  present  primarily  as  a  solid  solution  of 
VxTil-x02. 
Vanadium appears to reduce the photoreactivity of  Ti02-25 
by promoting charge-carrier recombination with electron trap- 
ping at  >VOzf  (eq 24) whereas V(1V)  impurities in surficial 
V2O5  islands on Ti02-200/400 promote charge-carrier recom- 
bination by hole trapping (eq 25).  Substitutional V(1V) in the 
lattice of  Ti02-600/800 appears to act primarily as a charge- 
carrier recombination center that shunts charge carriers away 
from  the  solid-solution  interface  with  a  net  reduction  in 
photoreactivity (eq 32).  Figure 9 represents a pictorial view of 
the important electronic processes believed to be operative due 
to the vanadium doping.  The energy levels of  the vanadium 
groups  are  approximated based  upon  V02+N02+  (EO112  = 
= f0.9 V,  Evb = f3.7).62 Furthermore, vanadium doping 
affects the crystallite and particle sizes, the crystal form, and 
the surface structure (e.g., density of  surficial hydroxyl ions); 
these modifications may  be  important factors governing the 
differences in the photoreactivities of doped and undoped Ti02. 
The particular array  of  intermediates, the  phenolate linkage 
+1.00 V), V02+N(III)  (E01/2 = f0.337 v), and bulk v205  (Ecb 
OH  0  OH 
CI 
CP 
OH  0  CI 
HQ  0Q  cc 
Ti02  hv  1 
6C02  + HCI + 2Hz0 
4-CP adsorbs to the surface of Ti02 via a phenolate bridge (A), 
and >VOX  may  also complex 4-CP (B):5fQ4-56 
I 
0 
CI 
I 
0  a,,P 
/ "\ -  1. 
The  binding constant of  4-CP  at  >Vox relative to  >TiOH 
suggests the expected effect on the the surface concentration 
of the substrate and, hence, on the photoreactivity exclusive of 
any electronic effects.  This consideration is important for TiO2- 
200/400 in which most  of  the vanadium is located as V205 
islands on the surface.  In addition, nonspecifically physisorbed 
4-CP  (e.g.,  through  van  der  Waals  attractions)  may  react. 
Different surface geometries are at least partially implicated by 
the sets of  intermediates (Table 2) observed for anatase and 
rutile.  The  absence  of  BQ  in  the  vanadium-doped anatase 
system may  suggest that the geometry of  the  >VOx-(4-CP) 
complex  favors  the  HQ  pathway.  Alternatively,  electron 
trapping at V(1V) forms V(III), which may reduce BQ to HQ: 
2V(III) 4-  BQ +  2H20 -  2V02+  -I- HQ +  2Hf 
Eo =  +0.363 V  (33) 
The alternative possibility of  reduction from the V(V)N(IV) 
couple does not seem plausible since E"  < 0: 
2V02+  +  BQ +  2H,O -  2VO:  +  HQ +  2H' 
E" = -0.300  V  (34) 
However,  the  reduction  potentials  in  our  system  may  be 
expected to be different from the standard reduction potentials. 
Mizushima et al. assigned values of  V(IV)N(III) as EO112 = 
f0.6 V and V(V)N(IV) as Eo1/2 = +2.1  V for substitutional 
vanadium in  rutile?6  Using  these  values,  we  obtain Eo = 
+0.100  for eq 33 and E"  = -1.400  for eq 34. 
In  the  undoped  anatase  Ti02-25/200/400  (Table  I),  the 
apparent increase in observed quantum efficiency correlates with 
increasing  crystal  size  in  the  size-quantized  regime.  The 
correlation may be explained by an increase in the charge-carrier 
recombination rate due to the mixing of electronic states in the 
size-quantized regime.22 The reduced photoreactivity of  the 
vanadium-doped Ti02-25/200/400 relative to the undoped Ti02 
may be apributed partially to an increase for the charge-carrier 
recombination pathway mediated by the vanadium dopants and 
partially to surficial >Vox  complexes that impede the approach 
of 4-CP to the reactive sites on the surface (e.g., >TiOH'). The 
reduced  photoreactivity  of  undoped  Ti02-600/800  may  be 
explained by  the phase transformation to rutile.  The lack of 
photoreactivity in the case of  vanadium-doped Ti02-600/800 13704  J. Phys. Chem., Vol. 98, No. 51,  1994  Martin et al. 
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Figure 9.  Charge-carrier dynamics of vanadium-doped TiOz. 
present  with  4-CP,  and  the  presence  of  surficial vanadium 
suggest further work on the binding and approach of 4-CP would 
add further important information to our understanding of the 
effects of  vanadium doping.  The complexities of the physical 
and electronic effects of vanadium doping may be expected to 
be  present  in the mechanisms  of  other transition metal  ions 
doped into Ti02.1,2 
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